Interactions between alveolar macrophages (AM) from rats and a yeast with relatively high pathogenicity (Candida albicans), a yeast with low pathogenicity (Saccharomyces cerevMae) and an inert control particle (amorphous silica) of similar diameters, 3-4/tin, were studied. Both yeasts were phagocytized significantly faster by AM than were the control particles and C. albicans significantly faster than S. cerevisiae. Quantitative nitroblue tetrazolium reduction by AM reflecting their oxidative metabolism was markedly increased in response to both fungi during the period of phagocytosis as well as 24 h after the phagocytosis. Macrophages with silica particles also showed a moderate but significant increase in oxidative metabolism 24 h after phagocytosis. Phagolysosomal pH was significantly higher for S. cerevisiae than the control particles after 3 and 24 h. pH in phagolysosomes with C. albicans tended to be higher after 3 h but was significantly lower after 24 h than in the phagolysosomes with silica particles. Both yeasts showed a considerable number (around 10%) of phagolysosomes with high pH > 6-5 after 3 h and a smaller percentage after 24 h. No such fraction could be seen for the control particles. Electron microscopy showed narrow passages from AM cell surface to phagolysosomes with particles. These passages might be more frequent in AM containing the yeasts and could explain the phagolysosomes with high pH.
Introduction
Serious infections caused by fungi have now increased notably in patients receiving modern treatment such as organ transplantation, parenteral nutrition, long-term treatment with steroids and broad-spectrum antibiotics [1 3] . Patients with HIV infections and drug addicts may also contract various types of fungal infections; especially, there has been an increase of infections with species of Candida and Cryptococcus neoformans.
Dessicated yeasts have a diameter well below 10/ira which means that they may easily be aerosolized and © 1996 ISHAM inhaled. When deposited in the alveolar part of the lung, they are phagocytized by alveolar macrophages which constitute the first defence barrier of the host. The phagosome fuses with lysosomes into a phagolysosome. Lysosomal contents are important for killing and disintegration of yeasts [4] . The phagolysosomal pH in alveolar macrophages is around 5 for many species including humans [5 8] . This low pH is important for optimal effects of the lysosomal enzymes. Also, the increase of the oxidative metabolism ('respiratory burst'), by which oxygen radicals are produced, is important for the killing [9] .
In this first study we have compared Candida albicans, a model for pathogenic yeasts, Saccharomyces cerevMae, a yeast with low pathogenicity, and an inert control particle (amorphous silica) concerning their effects on phagocytosis, oxidative metabolism, phagolysosomal pH and morphological changes of alveolar macrophages. Phagolysosomal pH is of interest because of its significance in the killing process of fungi.
Materials and methods

Animals
Alveolar macrophages were obtained by lavage from 33 male Sprague-Dawley rats, weighing about 200 g.
Data on yeasts and amorphous silica particles
An 800 ml overnight culture of C. a/bicans (ATCC 10231) or S. cerevisiae (JB 101, from the strain collection of Jfistbolaget AB, Stockholm, Sweden) in Sabouraud glucose broth (3% w:v) was centrifuged and resuspended twice in phosphate buffer, pH 7.6, the first time to the original volume and the second time to 1/10 of the original volume of medium. The culture was heat-killed in a water bath at 80 °C for 1 h.
Heat-killed yeasts, alive C albicans or the silica particles (Spherisorb S 3, NH, Phase Separations, Queens Ferry, Clwyd, UK) were washed twice in phosphate buffer by centrifugation and finally resuspended to 1 x 10 9 particles/ml in carbonate buffer at pH 10"2 with 1 mg ml ' of fluorescein isothiocyanate (FITC; Sigma) and incubated for 60 rain at 37 °C. Thereafter the yeast suspension was washed by centrifugation three to four times in Ringer acetate solution (Kabi Pharmacia, Sweden) and diluted to 1 x 10 9 particles per ml Ringer acetate. The suspension was divided into 0.5 ml portions and stored at -17 °C.
The diameters of the two yeasts and the silica particles were measured by light microscopy (Visopan projection microscope, Reichert, Austria). Mean -4-SD was for S. cerevisiae 4"2 + 0.5 pm, for C. albicans 3"8 ± 0.4#m and for the silica particles 3.2 + 0.4pm.
Lavage of AM
The rats were killed by an overdose of sodium pentobarbital and the lungs were excised. The lungs were lavaged with Hank's balanced salt solution (BSS, pH 7.4, 37 °C, without Ca 2 + and Mg 2+) using brief massage. About 40 ml of cell suspension containing 10-15 x 10 6 cells were collected. More than 90% were estimated to be macrophages as judged mainly from the size of living cells by light microscopy. The cells were washed once by centrifugation at 300 g for 10 min at room temperature and the resulting cell pellet was resuspended in Hepes buffered medium 199, pH 7.4, with 10% fetal calf serum (Gibco, Paisley, Scotland), penicillin 100 units ml-l, and streptomycin 100/~g ml -l (complete medium). The serum was not inactivated and kept frozen at -20 °C in small aliquots. The number of cells was estimated using a Bfirker hemocytometer.
Phagocytic assay
Phagocytosis of each of the two fungi and the control particles by AM was studied in samples from eight rats. A modification [10] of the method described by Hed [11] was used for the assessment of phagocytic function. Samples of 100¢tl cell suspension (10 6 cells m1-1) were added to glass slides with round bottomed wells (Nova kemi, Sweden). The cells were allowed to settle to the glass by incubating them for 30 min at 37 °C with 5% CO2 and 80% relative humidity. The slides were then rinsed in Ringer acetate, whereafter 100/L1 of complete medium with C. albicans, S. cerevisiae or silica particles at a concentration of 10 x 10 6 fungi or particles/ml was added to the cell samples. After incubation for 30 min the reaction was interrupted by placing the slides in ice-cold Ringer acetate. Unattached yeast cells/particle were rinsed off and the samples were stained with Trypan blue (0.4 mg ml-l) for 30 s. As Trypan blue does not enter the cells, the ingested particles were distinguished by their green fluorescence and the surface-attached ones by their staining with Trypan blue. The numbers of attached and ingested particles per macrophage were determined with a Zeiss fluorescence microscope. In each sample 100 consecutive macrophages were scored.
Oxidative metabolism
The oxidative metabolism of AM was measured by the ability of the superoxide anion produced to reduce yellow Nitroblue Tetrazolium (NBT) to blue formazan [12] . In one set of experiments, each of the three particles together with NBT was incubated with samples of AM from six rats 1 h after the lavage to measure oxidative metabolism in AM during the phagocytosis. In another set of experiments with AM samples from six rats, NBT was added after each of the three particles had been incubated with the AM for 23 h (24 h after the lavage). The intention here was to measure the oxidative metabolism of AM with ingested particles.
Each of the two heat-killed fungi or the control particles (10 x 106/ml) were incubated with macrophages (106/ml) and NBT (1 ml, 1 mg ml 1 HBSS) in complete medium (10% serum). Total volume was 2 ml. After 1 h the reaction was stopped by adding 1 ml of 0.5% HC1. Produced formazan was dissolved in dimethylsulphoxide (DMSO) and the optical density of this solution was measured in a spectrophotometer (Shimadzu, UV-116A) at wavelength 572 nm. For the 1 h experiment DMSO with the specific particle was used as reference as previous tests had shown that the addition of AM to the reference did not change the result. For the 24 h experiment, medium was changed twice, after 3 and 23 h, to remove particles that had not been phagocytized. The 24 h samples were duplicated and these duplicates were treated in exactly the same way with the exception that one duplicate did not receive NBT, and was later used as reference.
Phagolysosomal pH measurements
Phagolysosomal pH was studied in AM from 10 rats. In duplicate samples from six rats each of the three fluorescein-labelled particles was incubated with macrophages and phagolysosomal pH was measured after 3 and 24 h. In one of the duplicate samples Trypan blue was added immediately before the pH measurement. No stain was added to the other duplicate. In AM samples from four other rats, heat-killed and alive C. albicans labelled with fluorescein were incubated with the AM and the pH measurements were started after 105 rain.
Phagolysosomal pH was estimated by measuring the intensity of the fluorescence from the fluorescein-labelled fungi and control particles in individual phagolysosomes at two excitation wavelengths, 452 and 488 nm. The fluorescence emission at wavelength > 520 nm was measured using a Leitz Orthoplan microscope stand combined with a Leitz Compact photometer system. From the ratio between the measured fluorescence at the two excitation wavelengths, pH was estimated using a standard curve obtained from measurements of the fluorescein-labelled yeasts and the silica particles at various pHs. This ratio can thus be translated to pH and is independent of the amount of fluorescein. For details, see Nyberg et al. [6, 8] .
Electron microscopy AM samples from three rats were incubated with the two yeasts or the inert particles for 3 or 24 h and studied by
Response to yeasts and inert particles electron microscopy. The intention was to identify unsealed phagolysosomes using lanthanum nitrate as a tracer substance.
AMs incubated with the two yeasts or amorphous silica particles were fixed in a mixture of 2-5% glutaraldehyde, 2% lanthanum nitrate in 0-1 M cacodylate buffer, washed in 0.1 M cacodylate buffer containing 2% lanthanum nitrate, and postfixed in a mixture of 1% OsO4 and 2% lanthanum nitrate in 0-1 M cacodylate buffer. The cells were dehydrated in graded alcohol and embedded in Agar 100 resin (Agar Scientific, Essex, UK). Thin sections stained with uranyl acetate and lead citrate were examined in a Jeol 100S electron microscope (Jeol, Tokyo, Japan).
Results
The numbers of ingested S. cerevisiae and C. albicans were significantly higher than that of the control particles of amorphous silica (Table 1 , two-tailed paired t-test). The number of attached C. albicans was significantly lower than that of the control particles ( Table 1) .
The results of the NBT test are given in Table 2 . During the first hour of phagocytosis, both yeasts induced a three-to four-fold increase in the NBT reductions by the macrophages, while the corresponding values with amorphous silica particles were in line with those of resting macrophages. In the tests performed 24 h after the onset of phagocytosis of the silica particles, however, there was a moderate but significant increase above the resting level of the NBT reductions by the macrophages and still a two-to three-fold increase with both yeasts. Table 3 shows the distribution of phagolysosomes with different pHs in macrophages with the two heat-killed yeasts and the control particles. After 3 h there was a considerable percentage with pH_>6.5 both with and without Trypan blue for both fungi. No such phagolysosomes with high pH were seen with the control particles. After 24 h there was still a small percentage with pH _> 6-5 for both yeasts ( Table 3) . The average pH after 3 and 24 h Table 1 The amounts are expressed in arbitrary units from measurements of optical density (mean ± SD). *P < 0-01, compared with controls; tP < 0.01, compared with controls and silica particles. Mean + SD of AM from six rats. *Trypan blue was used to exclude particles attached to cell surface and particles in non-viable cells. ~Trypan blue was not used.
for the three particles is shown in Table 4 . The average pH values were similar for the samples with and without Trypan blue with the exception of the 3 h values with S. cerevisiae. After 3 h S. cerevisiae had significantly higher pH than the control particles (two-tailed paired t-test). After 24 h S. cerevisiae still had significantly higher pH than the control particles, and C. albicans had significantly lower pH in the test with Trypan blue and almost significantly lower values without Trypan blue. Table 5 shows a comparison of phagolysosomal pH between heat-killed and alive C. albicans. In this case pH was already measured after 105 min because the development of hyphae in the samples with alive C. albicans made evaluation difficult beyond this time period. Heat-killed and live C. albicans had about the same fraction with pH > 6.5 and about the same average pH.
Electron microscopic examination of macrophages from all three rats incubated with particles for 3 h showed narrow passages between phagolysosomes and the cell exterior. These passages were clearly seen by the presence of lanthanum (Fig. 1) . The passages were found in macrophages incubated with either of the three particles and their length varied from a few tenths of a micron to several microns. They were too rarely seen (two to three in about 100 cell profiles) to be quantitatively evaluated, but the impression was that they were more common in macrophages with C. albicans. After 3 h incubation some particles were not completely internalized, i.e. the phagocytic vacuoles were not closed around the particles (Fig. 2) . No morphologic differences were found between macrophages incubated with silica particles, S. cerevisiae or C. albicans after 3 h. Mean ± SD of AM from six rats. *Trypan blue was used to exclude particles attached to cell surface and particles in non-viable cells. tTrypan blue was not used. *P < 0-05, compared with silica particles; §P < 0-02, compared with silica particles.
Macrophages from all three rats incubated with C albicans for 24 h appeared mostly in clusters and individual cells had long slender protrusions on their surface (Fig. 3 ). In addition they had enlarged Golgi, high amounts of endoplasmic reticulum and the cytoplasm of most cells contained numerous small vesicles (Fig. 3) . Narrow passages were not observed and all C albicans were completely internalized. After incubation for 24 h with S. cerevisiae or silica particles few macrophages appeared in clusters, the cells had fewer protrusions on their surface and fewer vesicles in their cytoplasm (Fig. 4) . Some particles were not completely internalized.
Discussion
Differences in the interactions between alveolar macrophages and a yeast with low pathogenicity (S. cerevisiae), a yeast with high pathogenicity (C. albicans) and an inert control particle (amorphous silica) of about the same size (3Mpm) were studied. The ingestion was faster for C. albicans than for S. cerevisiae and markedly faster for both yeasts than for the control particles.
Response to yeasts and inert particles
The oxidative metabolism of AM during the first hour of their incubation with the yeasts, i.e. the metabolism during the process of phagocytosis, was three-to fourfold higher than in macrophages incubated with the control particles. No difference between the two yeasts was seen. The oxidative metabolism, measured after 24 h should reflect the effects of the particles within the macrophages as the medium was exchanged twice before the NBT was added to remove non-phagocytized particles. Also, in these experiments AM incubated with yeasts showed a markedly increased oxidative metabolism. The values after 24 h for all types of experiments were lower than the corresponding values after 1 h. This might be explained by a decrease in metabolic activity of the cultured cells or a loss of cells during the exchanges of media. It is interesting that the oxidative metabolism of the AM was increased also by the inert control particles after 24h. Although this increase was moderate, it is important because an extremely insoluble particle such as amorphous silica will be located in AM for a very long time. Inhaled particles, deposited in the alveolar region, are phagocytized by alveolar macrophages and practically all particles will be located within AM after 1 day [13] . Clearance of particles from the thoracic region is extremely slow in humans. Investigations using welldefined radiolabelled particles show biologic half-lives of one or several years [14] [15] [16] .
Concerning phagolysosomal pH, 3 h after the onset of phagocytosis both yeasts had a considerable percentage of phagolysosomes, around 10%, with pH >6"5, whereas no such phagolysosomes could be seen with the control particles. Also after 24 h the percentage with pH higher than 6"5 for the two yeasts had diminished but still seemed to exist.
Acidic pH is one important factor in the elimination process of invading yeasts. Fungicidal activity against C. albicans, for example the H202-Fe mediated halogenat±on system in macrophages, acts most efficiently at low phagolysosomal pH [17] . Watanabe et al. [18] reported that candidacidal proteinaceous substances are generated only in the strongly acidic environment of macrophage phagolysosomes. 27 ± 6 11 ± 11 5.5 + 0.5 12 ± 0 9 ± 6 5.4 ±0.2
Mean ± SD of AM from four rats. Phagolysosomal pH measured with the amorphous silica particles was around 5 in the rat AM. This agrees well with our earlier results with AM from several other species including humans [5] [6] [7] . pH in phagolysosomes with S. cerevisiae was significantly higher than pH in phagolysosomes with the control particles after 1 and 24 h, although the difference was smaller after 24 h. This agrees well with our earlier results [6] . For C. albicans there was a tendency to higher pH after 1 h and a significantly lower pH after 24 h than for the control particles. In the comparison between live and heat-killed C. albicans, tests could only be performed after 105 rain but after that time the pH values were similar.
In the electron microscopic (EM) examination narrow passages were seen between the cell surface and phagolysosomes with each of the particles. Such passages resulting in 'unsealed' phagolysosomes have earlier been documented in neutrophils but, to our knowledge, not in macrophages. Jacques and Bainton [19] studied human neutrophils using indicator stained S. cerevisiae and reported a 10-20% fraction of less acidified vacuoles. This finding was consistent with EM data showing about 20'7, of the vacuoles with external communication. Cech and Lehrer [20, 21] reported a fraction of about 40% 'unsealed' vacuoles corresponding to high pH. In our macrophages, these passages were very rarely seen and they could not be evaluated quantitatively. This does not mean than only few phagolysosomes have them. As the EM sections are only 60 nm thick, more than 50 sections are needed to cover a whole phagolysosome. The finding of more than one passage per 100 cell profiles might indicate that a substantial fraction of the phagolysosomes has such channels and thus are unsealed. They might be more frequent in macrophages containing the yeasts and explain the high percentage of phagolysosomes with pH > 6.5 for the two yeasts. If phagolysosomes with pH>6.5 are unsealed, their particles are not stained by Trypan blue, as the number of phagolysosomes with pH > 6.5 was the same with and without Trypan blue. Also such particles would appear as internalized in the phagocytosis test. In agreement, in the electron microscopic study, lanthanum was never seen to surround the yeast particles although it penetrated into the passages. Another explanation for the percentage of vesicles with high pH is, however, that they represent vesicles which have not yet fused with the lysosomes, a process known to acidify the content of the vesicle.
C. albicans was phagocytized faster than were S. cerevisiae and the silica particles and it also had the lowest phagolysosomal pH after 24 h. In addition, the macrophages appeared in clusters after 24 h incubation with C. albicans and individual cells showing morphologic criteria of being activated. These reactions might be adequate defence mechanisms towards the pathogenic yeast. The combination of the markedly increased oxidative metabolism of AM exposed to the two fungi and the high fraction of unsealed phagolysosomes is worth stressing. The narrow passages are likely to facilitate the escape of extracellularly superoxide anions and other reactive oxidative metabolites which cause damage to surrounding tissues. Furthermore, according to our results the increase in oxidative metabolism in AM is not only a process taking place during phagocytosis but it will probably proceed as long as the yeast or the particle is located within the AM.
